Abstract: We present relationships for the free-carrier-induced electrorefraction and electroabsorption in crystalline silicon over the 1-14-m wavelength range. Electroabsorption modulation is calculated from impurity-doping spectra taken from the literature, and a Kramers-Kronig analysis of these spectra is used to predict electrorefraction modulation. More recent experimental results for terahertz absorption of silicon are also used to improve the commonly used 1.3-and 1.55-m equations. We examine the wavelength dependence of electrorefraction and electroabsorption, finding that the predictions suggest longer wave modulator designs will, in many cases, be different from those used in the telecom range.
Introduction
Active near-infrared (NIR) silicon electrooptical modulation devices based on the free-carrier plasma dispersion effect have seen great progress over the last 20 years and are on the verge of finding commercial application in short-reach optical interconnects. The work of Soref and Bennett [1] paved the way for design of such devices by calculating semiempirical expressions for absorption and refractive index modulation due to the presence of electrons and holes in silicon at the NIR wavelengths of 1.3 m and 1.55 m.
The midinfrared (MIR) wavelength range is a relatively new area for photonics, but is one that has recently begun to attract attention due to its possible application in areas ranging from chem-biophysico sensing to free-space communications [2] . Passive waveguided devices have already been realized in silicon-on-insulator (SOI) at 2.025 m [3] , 3.4 m [4] , and 4.4 m [5] , in silicon-on-porous silicon (SiPSi) at 3.4 m [4] , and in silicon-on-sapphire at 4.5 m [6] and 5.5 m [7] . Along with passives, active EO devices are needed for on-chip photonic and optoelectronic integrated circuits. Before active devices can be reliably designed for the midwave and long-wave infrared regions, it is important to examine the wavelength dependence of free-carrier electroabsorption and electrorefraction at these wavelengths and to have accurate equations for these effects.
Singh calculated equations for free-carrier effects at telecom wavelengths based on the scattering dependent Drude model [8] : predictions not verified by experiments. By contrast, the 1-to-2-m equations of Soref and Bennett have been applied to the design of a large number of experimental modulators, e.g., [9] - [12] , and their use has proven to be reliable in practice. The same approach is therefore used here to calculate expressions at wavelengths in the range of 1-14 m. This extended range has been chosen because it covers the fundamental absorptions (the signatures) of many important chem-bio molecules and covers the 3-5-m and 8-14-m atmospheric transmission windows [13] .
Theory
It is well known that the presence of charge-carriers in crystalline silicon effects its optical properties. Commonly, active devices exploit this by either injecting carriers into an undoped region or by removing charge-carriers from a doped region. It is difficult to directly measure spectral changes due to injection or depletion, but there are experimental data in the literature for the absorption of doped bulk silicon wafers. Equivalence is assumed between charge-carrier absorption introduced through injection and through doping. By subtracting the absorption spectrum of undoped silicon from the absorption spectra of doped wafers, spectra for the change in absorption due to the introduction of charge-carriers can be obtained.
The complex refractive index can be written as n þ ik , where n is commonly referred to as the refractive index, and k is the extinction coefficient. The extinction coefficient is related to the linear absorption coefficient by ¼ 4k =, where is the optical wavelength. The real and imaginary parts of the refractive index n and k are related by the Kramers-Kronig dispersion relations, which also hold for Án and Ák . This Kramers-Kronig coupling between Án and Á is given in [1] as
where " h! is the photon energy. P indicates that the principal part must be taken, due to the singularity at ! 0 ¼ ! [14] . If the number of carriers introduced through doping is ÁN, the change in absorption due to charge-carriers is Áð!; NÞ ¼ ð!; NÞ À ð!; 0Þ:
Rewriting (1) using normalized photon energy V , where
The units of are cm À1 , and the units of V are electron-volts (eV).
Free-Carrier Absorption Literature Data
From (3), we can see that to calculate Án at any wavelength requires an integration over the entire wavelength range. In practice, when calculating the change in refractive index due to chargecarriers, the upper limit can be placed above the point at which the doped spectra have met the undoped spectrum, and at the lower limit, the absorption saturates with increasing wavelength. We calculate the integration over the photon energy range 0.001-2.8 eV.
For the absorption spectra we use a modified version of [1, Figs. 5 and 7] , which are each a composite of sets of experimental data for n-and p-type silicon, respectively. For undoped silicon, the data of Dash and Newman [15] were used. For n-and p-type silicon, in the range 0.6-1.5 eV, Schmid's experimental spectra [16] were used. Above 1.5 eV, each curve was extrapolated to smoothly meet the undoped spectrum. Below 0.6 eV, each p-type spectrum was extrapolated from the Schmid data using a 2 relationship, which has been shown to fit experimental data reasonably well [17] . In n-type Si, Spitzer and Fan found that there is an absorption band from 0.25 to 0.82 eV [18] . In this region, the n-type spectra were extrapolated from the Schmid data using the spectral shape found by Spitzer and Fan. Below 0.25 eV, a 2 relationship is also used for the p-type Si. At long wavelengths and high doping levels, below around 0.1 eV, a number of authors have noted that there is a saturation of the free-carrier absorption, where the 2 relationship breaks down [19] - [21] . The saturation levels used in [1] for p-and n-type Si were based on theoretical curves produced by Schumann et al. [22] . Since the publication of [1] , Ray et al. have experimentally measured the absorption of heavily doped p-type silicon in the far-infrared [21] , and in this paper, we use their (3) to predict the absorption plateaus of p-type Si.
The composite experimental absorption spectra of [1] have been digitized, the saturation of p-type Si has been modified, and the resulting spectra for n-and p-type Si are shown here in Figs. 1 and 2 , respectively.
Results
Figs. 3 and 4 show the change-in-absorption spectra, calculated with (2), over the range 1.2-14 m, with varying concentration of electrons and holes. In Fig. 4 , it is clear that at the two highest doping concentrations, the absorption coefficient plateaus at wavelengths higher than around 9 m. Comparison of [1] and [21] tells us that the saturation absorption of holes is higher than that of electrons and that if the n-type samples of Fig. 3 had the same carrier concentration as the p-type samples of Fig. 4 , this saturation would be visible.
Figs. 5 and 6 show the change in refractive index over the 1.2-14-m range. Án was calculated per (3) by numerical integration using the trapezoidal rule. Á values at midpoints between tabulated points were calculated by interpolation for use in the integration. The Án spectra have been smoothed to reduce noise from digitization error.
The spectra of Figs. 3-6 have been used to calculate equations relating Á and Án to ÁN at specific wavelengths in the range 1.3-14 m. Fig. 7 shows plots of Á versus ÁN e at the wavelengths 2 m, 7.5 m, and 14 m, together with curves showing least-squares fits to the points. Figs. 8-10 show similar plots of ÀÁn versus ÁN e , Á versus ÁN h , and ÀÁn versus ÁN h , respectively. Note that in Figs. 8-10 at ¼ 14 m, the points with the highest carrier concentrations (four highest ÁN e points in Fig. 8 and two highest ÁN h points in Figs. 9 and 10) sit below the fitted curves as a result of the far-infrared saturation of the change in absorption. Because of this, these high concentration points have been omitted from the fits at ! 11 m for ÀÁn versus ÁN e , ! 9 m for Á versus ÁN h , and ! 8 m for ÀÁn versus ÁN h . Above these wavelengths, the 
where a, b, c, d , p, q, r , and s are coefficients that can be found in Table 1 for different . The units of Á are cm À1 , along with units of cm 2 for a and c, and cm À3 for Án. The units of p and r are cm 3 . From Table 1 , it is clear that there is large variation across all of the coefficients. The increase of coefficients a, c, p, and r as wavelength increases is expected from simple Drude theory. However, there is also an important change in powers (coefficients b, d , q, and s). The power dependence of absorption in electrons varies from approximately 1.15 to 1.35 and in holes from 1.09 to 1.17. The power dependence of change in refractive index for electrons decreases from approximately 1.02 to 0.92 with increasing wavelength and decreases from 0.84 to 0.66 for holes. Generally, at lower Án, holes are more effective than electrons in Án. 
Discussion and Summary
Free-charge-carrier-induced electroabsorption and electrorefraction are very important modulation mechanisms in silicon and are already commonly used in active NIR devices. We have presented predictions for free charge-carrier electroabsorption and electrorefraction in silicon over the 1.2-14-m range. The telecom wavelength equations are different to those of [1] based on more recent experimental data, although not radically so. The predictions presented here are expected to enable accurate design of midwave infrared active devices in silicon. These longer wave modulator designs (both resonant and nonresonant) will, in many cases, be different from those used in the 1.55-m telecom range.
In a few cases, the design stays the same. For example, at telecom, the electrorefractive Án optical-phase-shifting component is usually dominant, while the optical-intensity-changing component Á is considered an unwanted side effectVand it is probably feasible to use this Bphase dominant[ approach at longer wavelengths up to around 3 m. This could lead to modulator phaseshifting regions that are shorter, on a per-wavelength basis, at 3 m than at 1.5 m.
However, for 9 3 m, it is probably advisable to modify the prior modulator structures to emphasize the electroabsorption component. There are two reasons for this: 1) The relative size of Án and Á is important in modulator design, and we find here that this Án À Á balance changes with increasing wavelength; 2) both ÀÁn and Á increase rapidly with increasing wavelengthVwe find in Figs and electroabsorption grow stronger with wavelength, the electroabsorption tends to dominate in a device. The data in Table 2 illustrate this point by showing the refractive index change for an injected hole concentration ÁN h ¼ 1E17 at three different wavelengths, alongside the waveguide length for a radians phase shift L , and the absorption induced in the same length.
In a Mach-Zehnder modulator with carrier-injection in one arm, the optical loss due to absorption degrades the extinction ratio. So, in a Mach-Zehnder modulator with arm length L , the loss at 1.55 m is acceptable but becomes unacceptably large at 4 m, and even worse at 10 m, so that such a device is no longer viable at these wavelengths. However, even a straight piece of carrier injected waveguide seems to be a useful intensity modulator.
In MIR resonant modulators working by carrier-injection, there is an interesting effect that would be expected to improve the extinction ratio. For example, in an NIR microring or microdisk resonator, the resonance shifts due to Án, and the quality factor Q decreases slightly due to Á. In the MIR, there is a larger resonance shift, accompanied by a larger decrease in Q due to greater Á, which actually increases the on/off ratio of the modulator.
More generally, looking at the variety of resonant and nonresonant structures, our predictions suggest that a host of innovative midwave/long-wave modulators will be practical.
